Abstract. In a recent global scale seismic study, the correlation between S wave velocity under ridge axes and spreading rate was pointed out. The correlation is strong for depths to about 70 km, but it diminishes below this depth. We present the correlation plots at four depths, 38, 66, 90, and 110 km, for which correlation is strong at 38 and 66 km but is weak at 90 km and is almost nonexistent at 110 km. We present a model to explain this behavior, which includes a thermal conduction model for the development of lithosphere and a simple melt percolation. Thermal effects on S wave velocity are assumed to be accounted for entirely by the plate cooling (thermal conduction) model. We point out that the thermal model under this assumption predicts asymptotically no correlation between S wave velocity and spreading rate, specifically for spreading rate larger than about 3 cm yr -• . This contradicts the correlation observed in the data at shallow depths. The existence of partial melt is thus required to explain the observed behavior at 38 and 66 km depths. We start from four basic equations that govern the distribution of partial melt and derive the relation between the amount of partial melt and the spreading rate. We adopt a simple power law relation between permeability (k) and porosity (f) by k(f) = kof n, where k 0 and n are constants and assume that pores are filled with melt. We then set up an integral relation between S wave velocity and spreading rate. The final formula indicates that the gradient in the correlation plots is the inverse of the power (l/n) in the permeability-porosity relation, thus enabling us to constrain n as well as k0 from seismic data. The data also have some sensitivity to the depth to solidus. We show that (1) the depth to solidus is probably within the range 60-100 km and (2) if the power n is n = 2-3, then k 0 = 10 -8 -10 -•ø m 2. These parameters predict that porosity and fluid velocity are 1-2% and about 0.5 rn yr -• , respectively. The depth to solidus is consistent with previous estimates by petrological data but is perhaps the first and direct seismological evidence of partial melt from surface wave data. Analytical forms for the dependence on depth and spreading rate of porosity, fluid velocity within permeable rocks, and ascent times of magma are also obtained.
Introduction
In order to understand the genesis of oceanic crust and mid-ocean ridge basalt magma (MORB), it is essential to know the pattern of flow as well as distribution of partial melts under the ridge axes. However, there are currently very few observational constraints available, and it seems important to examine any available data that can address these questions.
Global seismic structure studies of the past decade have revealed slow-velocity anomalies along ridge axes [e.g., Woodhouse and Dziewonski, 1984; Nataf et al., 1986; Tanimoto, 1988 Tanimoto, , 1990 . Depth resolution, especially within the upper 200 km, was greatly improved by a recent study Tanimoto, 1992, 1993] . In the latter results, lateral extents of slow-velocity anomalies correlate with spreading rates and S wave velocity becomes progressively slower with shallower depth, which suggests increasing amount of melt under faster spreading ridges. model, the seismic velocity at a given depth beneath the ridge axes should approach a constant value with increasing spreading rate. In the partial melting model, if permeability k is given as a function of porosity f by k(f) = kof n, where /c o and n are constants, the asymptotic variation of seismic velocity with spreading rate should be related to the exponent n (actually I/n). Thus it becomes possible to distinguish partial melt effects as long as n is not large. Furthermore, we can determine /c o and the depth to the solidus. In the following, we first discuss the theoretical background and then show the results of the data analysis.
Seismic Parameter
The basic data we examine is the S wave velocity perturbations from the global average at each depth. Let us first consider the relation between S wave velocity perturbation and temperature (T) and porosity or melt fraction (f). For a list of symbols refer to the notation list.
Let/3 be S wave velocity and write fi = fi(T, f).
We drop compositional variations from our consideration. We also ignore phase transitions that are expected to occur at two depths within the depth range of consideration [Wood and Yuen, 1983] . However, considering the strong effects of partial melts on S wave velocity, compositional variations and phase transitions are not likely to be as important. Effects of pressure are avoided almost entirely because we form relative ratios of quantities at the same depth. Let us write the global average of S wave velocity at each depth by fi•. Assuming that first-order approximation is sufficiently accurate, we can write
/3(T, f) rio(To, 0) + (T-To) •-• f r
where To is the global average temperature at each depth and is assumed to be below the solidus. There is a subtle point in taking T and f as independent parameters, because f should be zero if T is below the solidus. However, in a partially molten medium, they have two almost independent effects on the seismic velocity: Variation in T is used to characterize the change in elastic properties of the solid matrix, and variation in f characterizes the change in the mean elastic properties of the entire system (melt and solid) due to the presence of interpenetrating tubules of melt [cf. 
aT f of r where we introduced or and of. The first term or represents the effects due to temperature deviation from the global average, and the second term of represents the effects due to partial melts. The notation In refers to natural logarithm. Note that we use the negative sign on the right-hand side of (3) which makes o mostly positive under ridge axes. The parameter f is the perturbation from the reference state because the global average is assumed to be below the solidus.
In seismic structure studies, resolution is not perfect because of the finite amount of data (incomplete coverage over the area of study) and data errors. Equation (4) cannot be applied directly to interpret data, since the effect is not taken into account. We modify (4) so that it explicitly includes the effect of finite resolution.
Let us write the resolution kernels from seismic study by K(x, y, z). Then er and 8f should be written as or=-dv (T-To) (x y, z)
OT ' and of=-dv K(x, y, z), It is clear now, however, that there are variations along the ridge axes, which require three-dimensional understanding of ridge structure. The data to support this come from geochemistry [e.g., Klein and Langmuir, 1987] and from topography [e.g., Hayes, 1988] . Our data show, however, that the spreading rate is the critical parameter in determining trends in shallow S wave velocity structure. Threedimensional effect is clearly a higher-order effect and shows up in our current data as a scatter of points.
Temperature structure in the conductive cooling model is given by T = T s + (T m -Ts) erf , 
2
T m -T s is generally assumed to be 1200ø-1300øC, but we must also get To in order to evaluate this formu, la. Assumption for geotherm could be used for this, but uncertainties may be large. In the data analysis, we will thus form relative data for e, that is, the difference of e between the data for spreading rate u and that at the reference u ref, •f: Partial Melt Effects
In order to construct a model for partial melting, we use four basic equations: (1) an equation for melt generation, (2) mass balance, (3) continuity for melt, and (4) Darcy's law.
The melt generation depends on the rate at which an adiabatic parcel of rising mantle crosses phase equilibria curves. Strictly speaking, this is a complex issue since the system is neither one where we can assign a single melting "point" (the solidus) and evaluate melt production purely by latent heat considerations [cf. Turcotte and Ahern, 1978] , nor can we compute the melt fraction as though the melt did not migrate (the usual laboratory technique for estimating melting as a function of supersolidus temperature). In the absence of a more complete understanding of the phase equilibria, especially for small melt fractions, we will adopt the following very simple linear parametrization m( z) -mo(1 -Z/Zo) (10) [Scott and Stevenson, 1989 ], where rn is the degree of melting, m0 is a constant, and z0 is the depth to the solidus. By "degree of melting," we mean the volume fraction of initially fertile peridotite that has melted upon traversing a path. We further assume m 0 • 0.25, which implies that, were a fertile peridotitic parcel transported from the mean mantle adiabat right to the surface without heat loss, then one quarter of it would have melted. Notice that m(z) = f(z) if there is no melt migration (i.e., zero permeability). The linear choice for m(z) is consistent with the prediction of a univariant phase diagram [Turcotte and Ahern, 1978] and also crudely consistent with the laboratory melting behavior of peridotite [Sato et al., 1989 ]. Use of (10) in our analysis shows that our approach is a phenomenological one rather than the one from first principles. The approach from first principles may be more desirable, but in view of the quality of data and of modeling with a simple twodimensional model (three-dimensionality only comes from differences in spreading rates in our modeling), this approach may be justified. 
where Ap -= Ps -Pl, k(f) is the permeability and T/l is the fluid (magma) viscosity. We take a power law form for the permeability k(f) = kof n, where k0 and n are constants.
This ignores the possibility of any "trapped melt" (i.e., k -= 0 until f > fL, some critical melt fraction) [Torarnaru and Fujii, 1986] . Existence of trapped melt should be rare, since it is detected by seismology as very low velocity anomalies, but evidence of such anomalies has not been often reported. Our basic assumption is that as soon as melt pockets are created, they connect immediately and upward flow of melt begins.
Solving ( [Wilson, 1992] , the area of partial melt in their model is not so different below depth 20 km, making very minor differences in our results. This is primarily because our surface wave data provide only gross features of the partial melt structure. We will consider the effects of such a model, specifically in the evaluation of the integral reported in Table  2 , and confirm that differences are very small.
One of the most important characteristics of equation (19) is that data at shallow depths, especially at 66 km, cannot be explained by thermal effects, and this discrepancy will be the basic information to estimate the amount of partial melts under the ridge axes. To in the evaluation of thermal effects. One way to circumvent this problem is to estimate the term with To from seismic data by averaging oceanic areas. An oceanic average, rather than the global average, may provide a better basis for evaluation of absolute temperature effects. Another approach is to recast the data into "relative" data and remove T O from equations altogether. In this paper, we adopt the latter approach.
Relative Data
First, wc turn the data e into relative data by taking the difference between e and ere f which wc take to have the value of 3 cm yr -• . Actually, we use the average value of data within 2 _< u -< 4 cm yr -• as the reference at u = 3 cm yr -• . The data to be examined will be •Ef = T(U 8 --UrSef), where •/is given below in (23) and • = 1/n and both are to be determined by data. The data analysis proceeds in the following way; first, we form the relative data and subtract the thermal contribution to the relative data (equation (20)). We then have a set of data points which should be written as
•Ej• i) for i = 1, 2, .'. , N where N is the number of data.
For each data point, we know the corresponding spreading rates u i (Table 1) Figure 2 shows the plot of J against n, which is the inverse of & The minimum is found at higher n, although the small change of the variance with n argues against attributing much significance to this. In fact, the straightforward nonlinear least squares fit converges to the minimum at n larger than 10, but the variance at n = 3 is not so different from the global minimum value. There is some evidence against a low value (n < 2). This has some significance because a model with n = 1 was suggested by Kohlstead [1992] , based on experimental studies of partial melts, which is clearly not favored by our data. In the following, since J has such a broad region of low values, we shall adopt the physically plausible 2 _< n -< 3. Figure 3 shows four curves that correspond to n = 1.5, 2, 2.5, and 3 with the relative data A e« i) (i = 1, 2,'" ). With those assumptions on parameters, we obtain the estimate for k0 as The parameter z0 is the depth of solidus and n is the 
Model Implications
With the estimated k0, n, and z0, we can calculate how porosity (partial melt distribution) and fluid velocity (v z) vary with depth and spreading rates. In Figures 4 and 5 , we show the depth variation of porosity and fluid (magma) velocity based on our estimates in the previous section. without developing a detailed integrated geochemicalgeophysical model to evaluate exactly what isotopic observations are expected for a specified sequence of physical processes. The difficulty is further compounded by the possibility that some of the melt is delivered promptly along macroscopic channels, while other melt may be forced along slow permeability pathways. Chemical disequilibrium is another way of addressing this possibility [Spiegelman and Kenyon, 1992] . The biggest problem lies in our lack of knowledge concerning how melt migration makes the transition from microscopic permeability to macroscopic transport along channels. Additional complication lies in the possibility that the microscopic melt distribution is not the usually assumed interconnecting tubules but includes some partial facewetting [Waftand Faul, 1992] . This would have the effect of producing a larger seismic velocity reduction for a given (small) melt fraction. Our melt fraction estimates would then be too high. Since there is no doubt about how much melt migrates, this would mean a much higher permeability than we obtain. This is difficult to envisage unless one supposes that some of the permeability is in the form of macroscopic channels, even at great depth. Further work is needed to To the global average temperature at each depth. T m mantle temperature. Ts surface temperature.
oe porosity (filled with melt). # gravitational acceleration. k permeability. k0 constant in the permeability-porosity relation. m the degree of melting. m0 proportional constant in the formula for m. n exponent in the permeability-porosity relation. u half-spreading rate. ue full-spreading rate.
